Schizophrenia is a widespread psychiatric disorder, affecting 1% of people. Despite this high prevalence, schizophrenia is not well treated because of its enigmatic developmental origin. We explore here the developmental etiology of endophenotypes associated with schizophrenia using a regulated transgenic approach in mice. Recently, a polymorphism that increases mRNA levels of the G-protein subunit Gas was genetically linked to schizophrenia. Here we show that regulated overexpression of Gas mRNA in forebrain neurons of mice is sufficient to cause a number of schizophrenia-related phenotypes, as measured in adult mice, including sensorimotor gating deficits (prepulse inhibition of acoustic startle, PPI) that are reversed by haloperidol or the phosphodiesterase inhibitor rolipram, psychomotor agitation (hyperlocomotion), hippocampus-dependent learning and memory retrieval impairments (hidden water maze, contextual fear conditioning), and enlarged ventricles. Interestingly, overexpression of Gas during development plays a significant role in some (PPI, spatial learning and memory and neuroanatomical deficits) but not all of these adulthood phenotypes. Pharmacological and biochemical studies suggest the Gas-induced behavioral deficits correlate with compensatory decreases in hippocampal and cortical cyclic AMP (cAMP) levels. These decreases in cAMP may lead to reduced activation of the guanine exchange factor Epac (also known as RapGEF 3/4) as stimulation of Epac with the select agonist 8-pCPT-2 0 -O-Me-cAMP increases PPI and improves memory in C57BL/6J mice. Thus, we suggest that the developmental impact of a given biochemical insult, such as increased Gas expression, is phenotype specific and that Epac may prove to be a novel therapeutic target for the treatment of both developmentally regulated and non-developmentally regulated symptoms associated with schizophrenia.
Introduction
Schizophrenia is a devastating psychiatric disorder of multifactorial origin. It is characterized by positive (for example, hallucinations, psychosis), negative (for example, social withdrawal, flattened affect) and cognitive symptoms (for example, attention and memory deficits). 1 Positive symptoms usually emerge after adolescence and are fairly well treated in B70% of patients by currently available antipsychotics. In contrast, negative and cognitive symptoms-the severity of which tends to predict functional outcomecan emerge in preadolescence and are often unchanged by current therapies. 2, 3 It is generally thought that schizophrenia-related symptoms observed in adults are due to developmental abnormalities; however, direct evidence to this effect is minimal. 4 Fortunately, genetic tools in mice now exist that enable reversible expression of disease-relevant molecules across the lifespan, and we use such an approach here to test the developmental hypothesis of schizophrenia.
The G-protein subunit Gas (also known as GNAS1) may be one molecule contributing to the pathophysiology of schizophrenia. Increased efficacy of Gas signaling is observed in striatum and mononuclear leukocytes from patients with schizophrenia 5, 6 and is reversed with antipsychotic treatment. 7 Further, the T393C polymorphism in Gas has been genetically linked to deficit schizophrenia in an Italian population sample, such that the 393TT genotype was observed significantly more in these patients (37.1%) relative to controls (22.8%). 8 Interestingly, the 393TT genotype appears to increase Gas mRNA expression, as measured in bladder tumors and adipose tissue of patients suffering from transitional cell carcinoma (brain was not examined). 9 Following acute activation-either by a ligand-bound receptor 10 or by non-canonical mechanisms independent of a receptor [10] [11] [12] [13] [14] -Gas stimulates adenylyl cyclase (AC), thereby increasing cyclic AMP (cAMP) levels. Chronic stimulation of Gas, however, triggers a protein kinase A (PKA)-dependent compensatory degradation of cAMP by phosphodiesterases (PDEs) in select brain regions (hippocampus and cortex, but not striatum; 15, 16 ). PDEs are categorized into 11 families and are the only know enzymes to break down cyclic nucleotides. 17, 18 Interestingly, abnormalities in the PDE-4 family, a family of cAMP-specific, PKA-regulated isoforms, [17] [18] [19] [20] has been implicated in schizophrenia directly and through an interaction with the major mental illness susceptibility gene Disrupted in schizophrenia 1.
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The cAMP cascade modulates an array of processes within the central nervous system, including behavioral domains relevant to schizophrenia such as sensorimotor gating 15, 24 and learning and memory. 16, [25] [26] [27] [28] As such, the cAMP cascade has been of great interest in the search for central nervous system therapeutics. 29, 30 Targeting the cAMP cascade may be particularly fruitful for the treatment of schizophrenia as rolipram, a drug that increases cAMP levels by inhibiting PDE-4, 31 has shown antipsychotic-like, memory-enhancing and antidepressant-like effects in preclinical models. 15, 24, [32] [33] [34] [35] [36] [37] cAMP stimulates cyclic nucleotide-gated channels (CNGC), PKA and the more recently characterized guanine exchange protein activated by cAMP (Epac). 38 Although much is known of PKA, fairly little is understood of the role Epac has in CNS function, although this is quickly changing with the advent of an Epac-selective agonist (8-pCPT-2 0 -OMe-cAMP). 39 What we do know of Epac suggests this downstream target of cAMP may be particularly relevant to schizophrenia. First, Epac appears to be involved in glutamate release at peripheral and central synapses, [40] [41] [42] and a loss of glutamatergic signaling (along with heightened dopaminergic signaling) is thought to be important in the manifestation of schizophrenia. 43 Second, Epac stimulates integrin function, 44 and a loss of integrin signaling has been implicated in the pathophysiology of schizophrenia (for example, 45, 46 ). Finally, Epac appears to regulate neuronal excitability in cerebellar neurons 47 as well as hippocampal synaptic plasticity, 48 and both of these brain regions have been implicated in the neuropathophysiology of schizophrenia. [49] [50] [51] To determine if elevated expression of Gas is sufficient to trigger developmentally regulated endophenotypes (also known as intermediate or subphenotypes) associated with schizophrenia, we developed transgenic mice that overexpress Gas under the control of the reversible tetracycline system ( Figure 1 ). Behaviorally, we focus on endophenotypes that are reliably modeled in mice 52 and closely resemble behaviors tested in humans. 49, 53, 54 These measures of interest include sensorimotor gating (prepulse inhibition of acoustic startle, PPI), psychomotor agitation (locomotor activity) and hippocampus-dependent learning and memory (spatial water maze and contextual fear conditioning). Neuroanatomy and biochemical compensation within the cAMP cascade are also examined. We show that overexpressing Gas is sufficient to cause schizophrenia-related phenotypes in adults and that maximal expression of some-but not all-phenotypes in Gas adults requires overexpression during development. Phenotypes triggered by Gas overexpression appear due to compensatory decreases in cAMP, and we identify Epac as a novel therapeutic target for the treatment of schizophrenia.
Materials and methods

Subjects
Expression of the Gas transgene, which contains a hemagglutinin epitope, 55 is regulated by the tetracycline operator (tetO). Thus, for the Gas cDNA to be transcribed, co-expression of a tetracycline-responsive transcription factor (tTA) is required (Figures 1b  and e) . Use of such a bigenic system allows for spatial and temporal control over transgene expression because expression of tTA was spatially restricted to forebrain neurons using the CaMKIIa promoter and transgene expression can be suppressed with doxycycline (dox), which blocks the ability of tTA to bind the tetO promoter (Figures 1c and f) . 56 We chose to restrict expression of the transgene to forebrain neurons (using the CaMKIIa promoter 56 ) to prevent peripheral effects of the transgene that could confound the interpretation of behavioral data (that is, effects on brain stem, musculature or organs that could influence the general health and well-being of an animal, thus, preventing them from performing a task independent of effects of cognition). Comparison of endogenous vs transgenic expression of Gas can be seen in Figure 1 . The tetO-Gas transgene was microinjected into pronuclei from superovulated B6SJLF1/J mice by the Transgenic and Chimeric Mouse Facility at the University of Pennsylvania. The line reported here (line 1593, chosen for its high levels of transgene expression throughout forebrain structures) was backcrossed onto C57BL/6J for 3-5 generations before being mated to CaMKIIa-tTA mice (N20 þ on C57BL/6J) for initial characterization of control and transgenic offspring. The tetO-Gas line was then backcrossed to N10-12 before again being mated with the CaMKIIa-tTA mice for further characterization of control and transgenic offspring. There was no loss or gain of phenotypes with additional backcrossing; thus, data were collapsed across generations.
All transgenic mice were bred and housed at the University of Pennsylvania on a 12 h light-dark cycle with ad libitum access to food and water. Approximately equal numbers of male and female Gas mice ranging from 2 to 7 months of age were compared to control littermates. The control group (CT) was composed of wild-type mice (having neither transgene), monogenic tetO-Gas mice and monogenic Figure 1 Gas mice show temporally and spatially controlled transgene expression in hippocampus, cortex and striatum. (a) Once activated, either through traditional receptor stimulation of a heterotrimer or noncanonical mechanisms independent of a heterotrimer, Gas stimulates cAMP (cAMP) synthesis by adenylyl cyclase. cAMP, in turn, stimulates cyclic nucleotidegated channels (CNGCs), exchange protein activated by cAMP (Epac), and protein kinase A (PKA). Chronic Gas signaling triggers negative feedback through phosphodiesterases (PDEs), 15, 16 the only known enzymes to degrade cAMP, 18 ultimately leading to compensatory decreases in cAMP levels in select brain regions. 15 (b) Expression of the Gas transgene is spatially restricted to forebrain neurons because expression of the tTA transcription factor is driven by the CaMKIIa promoter. (c) Gas overexpression is temporally controlled by doxycycline (dox; by food supply) administration, which prevents tTA from binding the tet operator. (d) Here, we test mice that express Gas throughout both development and adulthood (i.e., never receive dox; Gas), throughout development but not at time of testing (i.e., receive doxX2.5 weeks in adulthood; Gas dev ), during adulthood only (i.e., raised on dox until 2 months of age; Gas adult ), or never (i.e., raised and maintained on dox throughout life; Gas dox ). To verify expression of the transgene effectively increases total Gas mRNA levels, we conducted autoradiographic in situ hybridization in (e) control (CT) and (f) Gas mice. (g) Quantification indicates that expression of the transgene increases total levels of Gas mRNA (endogenous þ transgenic) in select regions (n = 7-8; F (7, 91) = 4.15, P < 0.001), which leads to (h) increased adenylyl cyclase activity (as measured in parahippocampal cortex; n = 6-8; F (1, 12) = 5.99, P = 0.031). Data graphed mean ± s.e.m. DG, dentate gyrus; Vis, visual cortex; Orb, orbital cortex; Amy, amygdala; DStr, dorsal striatum; VStr, ventral striatum, vs CT, *P < 0.05-0.001.
CaMKIIa-tTA mice for comparison relative to bigenic tetO-Gas/CaMKIIa-tTA (referred to hereafter as Gas mice). For experiments employing dox, 200 mg/kg was administered with the chow (Bio-serve, Frenchtown, NJ, USA). To parse out the effects of transgene expression during development vs adulthood, adult Gas and control littermates ( > 2 months old) were tested under one of four dox conditions: no dox (Gas), dox at some age after 2 months old (testedX2.5 weeks on dox; Gas dev ), dox from conception until 2-2.5 months of age (testedX2 months following dox removal; Gas adult ) or lifelong dox (from conception to kill; Gas dox ). The lifelong dox condition was only used in experiments where dox given to adults (Gas dev group) failed to reverse a phenotype. Generally speaking, every data set represents both behaviorally naive in addition to non-naive mice or naive mice only. With regards to Gas mice and their control littermates, a single cohort of mice was initially tested on all behaviors described herein with a minimum of 1-week separating tests (open field, startle/PPI, contextual (CFC) and cue-dependent fear conditioning and then water maze). Subsequent naive cohorts were then tested in PPI, CFC and water maze to ensure that phenotypes observed in the first cohort were not due to testing history. Gas mice exhibited the behavioral deficits described herein whether behaviorally naive or non-naive, so data were collapsed. Similar approaches were taken with Gas dev and Gas adult mice. See the Supplementary Discussion regarding justification of sample sizes.
Male C57BL/6J mice were also housed at the University of Pennsylvania on a 12 h light-dark cycle with ad libitum access to food and water. Mice were allowed to acclimate to the facility for a minimum of 1 week before cannulation (for Epac agonist studies). All experiments were conducted in accordance with National Institutes of Health Guidelines for Animal Care and Use, and all experiments were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Autoradiographic in situ hybridization In situ hybridization was conducted as previously described. [15] [16] Two (a-35S)-dATP labeled probes were used, one specific for transgenic Gas (Figures 1d-f ; 5 0 -CTCACCATCGCTGTTGGACGCGTAATCCGGCACG TCCTCTTCGCCGCC-3 0 ) and one that labeled both endogenous and transgenic Gas (Supplementary Figure S1 ; 5 0 -TTGATCTCCTGCACTTTAGTGGCCTTC TCACCATCGCTGTTG-3 0 ). Measures for total Gas were taken in sections approximately 2.32 mm lateral from bregma.
Biochemistry
Biochemical experiments were conducted as previously described. 15 Briefly, mice were killed by cervical dislocation, brains were harvested fresh and regions of interest from a single hemisphere were immediately dissected out and placed in tubes sitting on dry ice. AC activity was measured in membrane preparations from parahippocampal cortex (loosely defined as cortical regions overlying the hippocampus) of control and Gas mice killed from the home cage or following a vehicle (saline) treatment using a modification of the method presented by Salomon et al. 57 cAMP levels were measured using a radioimmune competition assay according to manufacturer's directions (PerkinElmer, Wellesley, MA, USA).
PPI
Startle and PPI were measured as previously described (SR-Lab, San Diego, CA, USA) 15 To measure startle, pulses of 90-120 dB were presented in random order (background set to 68 dB). To calculate PPI (%PPI), the 40 ms startling pulse of 120 dB was preceded (by 100 ms) by a 20-ms nonstartling prepulse (72, 76 or 84 dB). PPI for a given prepulse intensity was calculated using the following formula: (100À(average startle response for prepulse trials/ average startle response for pulse-only trials) Â 100).
Open field
Locomotor activity was measured in a 41 Â 41 cm open field (San Diego Instruments, San Diego, CA, USA) equipped with 16 Â 16 motion detector beams (beam every 2.54 cm). Activity was recorded for 30 min. Horizontal (breaks of two contiguous beams in the horizontal place) and vertical activities (breaks of a beam 5 cm above the floor) were measured and the percentage of horizontal activity that occurred in the periphery (outer two beams on all sides) was calculated.
Water maze Spatial learning and memory was assayed using the Morris water maze. 58 Animals were first trained to sit for 20 s on a submerged platform in a bucket (three trials in 1 day). After bucket training, animals were trained to locate an 11 cm diameter platform located within a 117 cm diameter pool of white tinted 21 1C water. Training involved two trials per day with a 5-min intertrial interval. For the visible-platform maze, animals were trained for 5 days to locate a submerged platform that was located just beneath the surface of the cloudy water but was marked by a visible cue. For the hidden maze, subjects were trained for 9 days to find an unmarked, submerged platform. If mice did not reach the platform within 60 s, they were placed on the platform. Mice remained on the platform for 20 s at the end of each trial before being returned to their home cage. Mice were brought back to the maze 1 or 21 days after training for a 'probe' trial, in which the platform was removed. Performance (latency to platform, time in quadrant, crossings over an area twice the diameter of the platform, swim speed, thigmotaxis as defined as the outer 10% of the pool) was tracked using an automated system (HVS Image, San Diego, CA, USA).
Fear conditioning
Mice were trained to associate a 1.5 mA. footshock (unconditioned stimulus, US) with a training context and an auditory cue (white noise), as previously described. 16 In experiments using transgenic mice, subjects were handled for 2 min per day for 3 days before training. In the experiment testing the Epac agonist, subjects were not handled. During training, mice were placed in the box and 2 min into the session the cue (conditioned stimulus, CS) was played for 30 s, during the last 2 s of which the footshock was administered. For testing cued fear memory, mice were placed into a different experimental chamber for 5 min either 1 h (short-term memory) or 24 h following training (long-term memory), and the cue played the last 3 min of the session. For testing contextual fear memory, mice were returned to the training chamber for 3 min, either 1 h, 24 h or 2.5 weeks following training (the last to allow time for removing or adding dox between training and retrieval).
Neuroanatomy
Nissl staining was conducted as previously described using thionin 16 and the size (mm 2 ) of various regions of interest were quantified using ImageJ 1.23. (NIH, Washington, DC, USA). An average measurement was calculated for each region across three adjacent sections approximately 0.84-1.32 mm lateral from bregma. Magnetic resonance imaging (MRI) was performed in vivo on a 4.7 T horizontal bore magnet (Varian Inc., Palo Alto, CA, USA) in the Small Animal Imaging Core at the Hospital of the University of Pennsylvania using a circularly polarized birdcage coil custom built for mouse brain imaging. Mice were anesthetized with 1% isoflurane in air. Body temperature was maintained at 37 1C and heart rate was monitored using an MRI-compatible system (SA Instruments, Stony Brook, NY, USA). T2-weighted images of the entire mouse brain were acquired using a three-dimensional fast spin echo pulse sequence (TR = 3 s, effective TE = 40 ms, ETL = 16, NEX = 2, acquisition matrix = 256 Â 128 Â 128, dimensions = 3.2 Â 1.6 Â 1.6 mm, 125 mm isotropic resolution, scan time = 100 min). For each threedimensional data set, the brain and ventricles were segmented in a semiautomated fashion using thresholding (3D Slicer software). 59 Drugs Haloperidol (Ben Venue Laboratories Inc. Bedford, OH, USA) was dissolved in saline with lactic acid, pH 3.0-3.8 (0.1 mg/ml) and administered at a dose of 1.0 mg/kg, i.p., 30 min before experiment. In the haloperidol PPI and cAMP experiments, a betweensubjects design was used. Rolipram (Sigma-Aldrich, St Louis, MO, USA) was dissolved in 2% dimethyl sulfoxide in saline (0.066 mg/ml) and administered at a dose of 0.66 mg/kg, i.p., 15 min before experiment. In the PPI experiment examining rolipram, a withinsubjects design was used where half of subjects were tested under vehicle and half were tested under rolipram and then subjects were tested again (a minimum of 1 week later) under the opposite treatment. 5 nmol of 8-pCPT-2 0 -O-Me-cAMP (Biolog, Germany), a selective Epac agonist, was dissolved in 3 ml of 1 Â phosphate-buffered saline and administered i.c.v. immediately before the experiment, using a between-subjects design. Doses for these drugs were based on our previous reports using these or similar drugs.
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Surgeries Implantation of a 22-gauge guide cannula (Plastics One Inc., Roanoke, VA, USA) into the lateral ventricle (anteroposterior from the bregma À0.4 mm, lateral 1.1 mm and 2.3 mm in depth) was conducted on 8-to 10-week-old C57BL/6J mice as previously described. 15 To verify cannulae placement, animals were killed after testing and their brains were coronally sectioned (20 mm sections) with a cryostat. Cannula tracks were plainly visible on Nissl staining, and placement within the ventricle was confirmed by an investigator blinded to treatment condition.
Data analysis
Statistical analyses were conducted using SigmaStat (version 2.03; Systat, Point Richmond, CA, USA) and Statistica (version 6.1; Statsoft, Tulsa, OK, USA). Data were analyzed by t-test, analysis of variance (ANOVA) or repeated-measures ANOVA as appropriate. When significant effects (between more than two groups) or interactions were found by ANOVAs, post hoc comparisons were made using Student-NewmanKeuls range statistics. Statistical outliers greater than two standard deviations from the mean were dropped from analyses ( Figure 2d , 6 of 120 data points; Figure  4B1 , 6 of 261 data points; Figure 4C1 , 11 of 296 data points; Figure 4C2 1 of 160 data points; Figure 8a , 1 of 33 data points). In biochemical experiments, balanced groups of animals were raised at different times and killed on different days. Therefore, to control for variability due to day of killing, data for each group were normalized and expressed as a percentage of the control (or control vehicle) mean as previously described. 15 Normalized data were then combined for statistical analyses. Significance was determined at P < 0.05. All data are expressed as mean±s.e.m.
Results
Gas mice show reversible overexpression of Gas in cortex, striatum and hippocampus Gas mice show high levels of transgene expression restricted to the cortex, hippocampus, dorsal striatum and ventral striatum (Figure 1) , and low levels in the amygdala and in the inferior colliculus. Expression of the transgene effectively increases total levels of Gas mRNA in select regions (Figures 1e, f) . As a result, Gas mice show increased basal and GTPgsstimulated AC activity relative to control littermates (Figure 1h ).
Gas overexpression throughout development and adulthood is required to produce PPI deficits in adult Gas mice that are reversible with antipsychotic treatment One of the most widely studied endophenotypes associated with schizophrenia is impaired sensorimotor gating, as measured by PPI. Although Gas mice show normal startle responses to a range of decibel intensities (Figure 2a ), they show a decreased ability to gate the startle response as indicated by significantly reduced PPI (Figure 2b ). Interestingly, both Gas dev ( Figure 2c ) and Gas adult mice (Figure 2d) show normal PPI relative to control littermates, suggesting both developmental and adulthood overexpression of Gas are necessary for manifestation of the PPI deficit in adult Gas mice. Importantly, administration of the typical antipsychotic haloperidol (1 mg/kg, i.p.) reverses the PPI deficits observed in Gas mice (Figure 2e ).
Adulthood overexpression of Gas is necessary and sufficient to cause hyperactivity in adult Gas mice Another hallmark endophenotype associated with schizophrenia is psychomotor agitation, which can be quantified in humans 54 or mice as an increase in Figure 2 Overexpression of Gas is required throughout both development and adulthood to cause deficits in prepulse inhibition in adult Gas mice. (a) There is no difference between control (CT) and Gas mice in the magnitude of the startle response to a range of decibel (dB) intensities (n = 27 per genotype). (b) In contrast, Gas mice show a significant reduction in the ability to gate the startle response (to 120 dB), as indicated by decreased prepulse inhibition (%PPI; F (1,104) = 11.19, P = 0.002). Interestingly, neither (c) developmental (n = 18-19 per genotype) nor (d) adulthood overexpression of Gas (n = 20 per genotype) alone is sufficient to reduce prepulse inhibition of acoustic startle (PPI). (e) Despite the developmental nature of the PPI deficit, haloperidol (1 mg/kg, i.p.) fully rescues the PPI deficit exhibited by Gas mice (n = 6-9 per group; F (1,54) = 4.60, P = 0.01). Data graphed mean ± s.e.m. main effect of genotype, @ P = 0.002; post hoc, vs all other groups, *P < 0.05.
Gas mice show schizophrenia-related phenotypes MP Kelly et al locomotor activity. 52 In an open field, Gas mice show a significant increase in horizontal locomotor activity ( Figure 3a ) and a trend toward an increase in vertical movements relative to control littermates. Gas adult mice, but not Gas dev mice, show significantly increased horizontal movements relative to control littermates ( Figure 3c ). There is no effect of the transgene on preference for the periphery of the open field-nor for the open arms of an elevated zero maze (data not shown)-suggesting Gas mice show no difference in anxiety-related behaviors.
Developmental overexpression of Gas is necessary and sufficient to cause spatial learning deficits in adult Gas mice In addition to gating disturbances and psychomotor agitation, patients with schizophrenia suffer from memory deficits that have been linked to hippocampal pathophysiology. 50 As such, we tested hippocampus-dependent spatial learning and memory in the hidden-platform Morris water maze. It is important to first note that Gas mice perform normally in a visibleplatform water maze task (data not shown), indicating they are physically capable of the behaviors required to solve the hidden-platform maze. Both Gas mice ( Figure 4A1 ) and Gas dev mice ( Figure 4B1 ) show significantly greater escape latencies during training relative to control littermates, suggesting a deficit in spatial learning. In contrast, Gas adult mice show normal performance during acquisition ( Figure 4C1 ), as do Gas dox mice ( Figure 4D1 ). During a platform-free probe trial 1 day following the final training session, Gas mice show significantly impaired memory for the platform location relative to control littermates as indicated by less time spent in the target quadrant (effect of genotype Â quadrant: F (3, 195) = 4.77, P = 0.003; post hoc Gas vs CT within target, P = 0.001), a greater average proximity from the platform location (t (65) = 3.12, P = 0.003) and fewer crossings over the target quadrant platform location ( Figure 4A2 ). These memory deficits are long lasting as Gas mice show the same profile of impaired probe performance 21 days following training (data not shown). Gas mice also swim significantly faster (t (65) = 3.42, P = 0.001) and exhibit more thigmotaxis (t (65) = 2.18, P = 0.038). Similarly, Gas dev mice spend significantly less time in the target quadrant, (effect of genotype Â quadrant: F (3,81) = 3.86, P = 0.012; post hoc Gas vs CT within target, P = 0.012), demonstrate a greater average proximity from the platform location (t (27) = 2.34, P = 0.027) and make fewer crossings over the target quadrant platform location ( Figure 4B2 ). Gas dev mice do not, however, show altered swim speed nor thigmotaxis. In contrast, Gas adult mice show an attenuated impairment in probe performance (relative to Gas mice) by spending an equivalent amount of time in the target quadrant as a whole relative to control littermates, but making significantly fewer crossings over the specific target platform location ( Figure 4C2 ). Gas adult mice also exhibit increased thigmotaxis relative to control littermates (t (36) = 2.52, P = 0.016). Importantly, Gas dox mice show normal performance on all measures ( Figure 4D2 ), ensuring effects noted above in Gas mice are specifically due to expression of the transgene. Together, these data show that Gas mice exhibit spatial learning and memory deficits that are separable from effects on performance measures (for example, swim speed).
Adulthood overexpression of Gas is necessary and sufficient to impair retrieval of hippocampusdependent associative memory in adult Gas mice Given that Gas adult mice show normal spatial learning across days on the hidden water maze but impaired spatial memory suggests that Gas overexpression during adulthood affects memory retrieval specifically. To determine explicitly if Gas overexpression affects acquisition, consolidation and/or retrieval, we turned to a one-trial Pavlovian fear conditioning task in which mice learn to associate a training context and cue (an auditory CS) with a 1.5 mA footshock. Gas mice show normal levels of freezing during the training session relative to control littermates (Figure 5a ). Gas mice also show normal short-term and long-term memory for cued fear (Figures 5b and c) , confirming the mice have an intact amygdala, are able to process fearful stimuli and can freeze at high levels. In contrast, Gas mice show significantly impaired short-term (Figure 5b ) and longterm memory for hippocampus-dependent contextual fear (Figure 5c ). Gas dev mice do not show an impairment in long-term memory for contextual fear ( Figure 5d) ; however, Gas adult mice do show lower levels of contextual fear relative to control littermates 24 h following training (Figure 5e ).
To determine if the Gas-induced deficits in contextual fear memory are due to an effect on acquisition, consolidation or retrieval, we compared control littermates to Gas mice that expressed the transgene during training but not retrieval (that is, administered dox starting 24 h after training through the day of the retrieval test; Gas training ) or expressed the transgene Figure 3 Overexpression of Gas during adulthood is necessary and sufficient to trigger hyperactivity in adult Gas mice. (a) Gas mice exhibit significantly higher levels of horizontal activity relative to controls (n = 8-9 per genotype; t (15) = 2.66, P = 0.018). (b) Although developmental overexpression is not sufficient to cause this hyperactivity (Gas dev ; n = 9-10 per genotype), (c) adulthood overexpression of Gas is (n = 6 per genotype; t (10) = 4.02, P = 0.002), vs CT, *P < 0.02-0.002. during retrieval but not training (that is, administered dox 2.5 weeks before training until 24 h following training; Gas retrieval ). Levels of freezing to the training context were assessed 2.5 weeks following training to allow sufficient time for transgene suppression/ reexpression. Gas training mice show normal levels Figure 4 Overexpression of Gas during development is necessary and sufficient to induce spatial learning impairments, whereas overexpression during development or adulthood is sufficient to induce deficits in spatial memory in adult Gas mice. Mice were trained to find a platform hidden in a Morris water maze. (A1) Relative to control littermates, Gas mice (n = 32-35 per genotype) show deficient spatial learning (longer latencies to find a hidden platform; F (1,520) = 6.82, P = 0.011) and (A2) impaired spatial memory (fewer crossings over the platform location; F (3,195) = 8.10, P < 0.001). (B1) Developmental overexpression of Gas (n = 14-15 per genotype) is sufficient to cause these deficits in spatial learning (F (1,78) = 5.16, P = 0.031) and (B2) memory (F (3,75) = 4.286, P = 0.008). (C1) In contrast, adulthood overexpression of Gas (n = 20 per genotype) is not sufficient to trigger the deficits in spatial learning, but (C1) is sufficient to impair spatial memory (F (1,112) = 8.52, P = 0.006). (D1) Importantly, Gas dox mice with lifelong transgene suppression (n = 6-7 per genotype) show normal spatial learning and (D2) memory. Data graphed mean±s.e.m. T, target; O, opposite; CW, clockwise; CCW, counterclockwise, vs CT, *P < 0.01-0.001. of freezing relative to control littermates (Figure 5f ). In contrast, Gas retrieval mice show significantly lower levels of freezing relative to control littermates (Figure 5f ).
Developmental or adulthood overexpression of Gas is sufficient to produce enlarged lateral ventricles and a reduced striatum in adult Gas mice To determine if Gas overexpression leads to schizophrenia-like alterations in neuroanatomy, we measured the sizes of various transgene-expressing brain regions by histology and total brain volume by MRI. Inspection of histological sections reveals that Gas expression triggers a dramatic enlargement of the lateral ventricles in Gas mice relative to control littermates (Figures 6a and b) , which appears to occur independent of an increase in total brain volume. MRI analyses confirm that the enlarged ventricles noted in Gas mice are not simply due to an increase in overall brain volume. In fact, Gas mice demonstrate a strong trend toward a reduction in total brain volume (Figures 6c-f ; Gas, n = 5, 381.89±8.4 mm 3 ; CT, n = 4, 415.57 ± 15.0 mm 3 ; t (7) = 2.06, P = 0.078). Not surprisingly, even 6 weeks of adulthood transgene suppression fails to reverse the Gas-induced ventricular enlargement. Relative to control littermates, Gas dev mice show a striking enlargement of the lateral ventricles that corresponds with a significant diminution of the dorsal and ventral striatum (Figure 6i) . A reduction is also observed in frontal cortex and dorsal hippocampus, although not to the level of statistical significance (Figure 6i ). Measures from ventral hippocampus taken from a separate cohort of Gas mice showed a similar small, nonsignificant reduction (data not shown). Gas adult mice also show significantly enlarged lateral ventricles as well as a smaller dorsal and ventral striatum relative to control littermates; however, the extent of the change in the lateral ventricles and ventral striatum is somewhat less than that observed in Gas dev mice (Figure 6j ). Importantly, Gas dox mice show normal neuroanatomical measures relative to control littermates (Figure 6k ).
Behavioral deficits caused by Gas overexpression appear due to compensatory decreases in cAMP and are reversible by pharmacologically increasing cAMP signaling To identify the downstream consequence of Gas overexpression/increased AC activity that causes the Figure 5 Overexpression of Gas during adulthood is necessary and sufficient to cause deficits in the retrieval of a hippocampus-dependent associative memory in adult Gas mice. Mice were trained to associate a context and a conditioned stimulus (CS, an auditory cue) with an unconditioned stimulus (US, a 1.5 mA footshock). (a) Relative to control littermates, Gas mice exhibit equivalent levels of freezing during the training session (n = 64-65 per genotype). (b) When tested for shortterm memory 1 h following training, Gas mice show normal levels of cued freezing (n = 11 per genotype) but decreased levels of contextual freezing (n = 15-16 per genotype; t (29) = 2.39, P = 0.024). (c) Similarly, when tested for long-term memory 24 h following training, Gas mice show normal levels of cued freezing (n = 25 per genotype) but lower levels of contextual freezing (n = 31-32 per genotype; t (61) = 5.14, P < 0.001), indicating a specific impairment in hippocampus-dependent contextual fear memory. (d) Developmental overexpression of Gas (n = 4 per genotype; see Supplement for discussion of sample sizes) does not trigger this deficit in long-term contextual fear memory; however, (e) adulthood overexpression of Gas is sufficient to impair (n = 19 per genotype; t (35) = 2.93, P = 0.006). (f) Interestingly, Gas training mice (i.e., express the transgene at training but not retrieval) show normal performance relative to control littermates. In contrast, Gas retrieval mice (i.e., express the transgene at retrieval but not training) show impaired performance relative to control littermates (n = 8 per group; t (14) = 2.32, P = 0.036). Data graphed mean ± s.e.m. CT, *P < 0.05-0.001.
above-noted behavioral phenotypes, and to determine in which brain region Gas overexpression acts to alter given behaviors, we next quantified cAMP levels across brain regions in which total Gas mRNA levels were significantly increased in the transgenic mice. On the basis of previous reports examining the effects of a constitutively active isoform of Gas (Gas*) on cAMP levels, 15 we anticipated Gas overexpression Figure 6 Developmental or adulthood overexpression of Gas is sufficient to cause enlarged lateral ventricles and a smaller dorsal and ventral striatum in adult Gas mice. Enlargement of the lateral ventricles within Gas mice is visibly noticeable upon inspection of Nissl-stained sagital sections, coronal MRIs and three-dimensional surface renderings from adult control (a, c, e and g) and Gas mice (b, d, f and h). (i) Not surprisingly, these Gas-induced anatomical alterations persist even when the transgene is suppressed for more than 6 weeks, as evidenced by significantly enlarged ventricles in Gas dev mice (as per quantification of Nissl-stained sagital sections, expressed %CT; n = 9-10 per genotype; t (18) = 3.01, P = 0.007). The enlargement in ventricles corresponds with a loss in both dorsal (t (18) = 3.84, P < 0.001) and ventral striatum (t (18) = 3.41, P = 0.003), as opposed to an increase in total brain size. (j) Interestingly, adulthood overexpression of Gas is sufficient to elicit the same pattern of neuroanatomical changes (n = 29 for each genotype; LV, t (54) = 2.87, P = 0.006; DStr, t (54) = 2.79, P = 0.007; VStr, t (53) = 2.35, P = 0.023), although the magnitude of change is less than that observed in Gas dev mice (Gas dev vs Gas adult : LV-t (36) = 2.13, P = 0.04; VStr-t (45) = 2.87, P = 0.006). (k) Importantly, Gas dox mice that never express the transgene show normal anatomical measures (n = 8 for each genotype). Data graphed mean ± s.e.m. LV, lateral ventricles; Hipp, hippocampus; FCx, frontal cortex; DStr, dorsal striatum; VStr, ventral striatum within each region, vs CT, *P < 0.025-0.001; vs Gas dev , # P < 0.01.
Gas mice show schizophrenia-related phenotypes MP Kelly et al would cause compensatory decreases in cAMP levels, in select brain regions. As seen previously in Gas* mice, Gas mice exhibit significantly decreased cAMP levels in parahippocampal cortex, frontal cortex and hippocampus (Figure 7a ), in contrast to significantly increased cAMP levels in striatum. There is no significant effect of genotype on cAMP levels of the inferior colliculus and cerebellum, the latter a control region that lacks transgene expression.
To identify which of the regional cAMP changes noted above were particularly relevant to the behavioral deficits exhibited by Gas mice, we compared and contrasted cAMP changes in Gas dev and Gas adult mice. Gas dev mice show normal cAMP levels across all regions, suggesting developmental overexpression is not sufficient to cause permanent alterations in cAMP signaling (Figure 7b) . Gas adult mice, however, do show significantly altered cAMP levels, but only in hippocampus (Figure 7c) . Together, these results suggest that the compensatory decrease in hippocampal cAMP levels likely mediates the hyperactivity, contextual memory deficit and, to some extent, the spatial memory impairment as these cooccur in Gas adult mice. That said, studies here cannot rule out the possibility that the behavioral profile observed in Gas adult mice may be due to alterations in long-term plasticity mechanisms (for example, gene expression changes, epigenetic modifications and so on.) triggered by transient increases in striatal and/or cortical cAMP signaling during development.
To determine whether the decreases in cortical cAMP or the increases in striatal cAMP levels correlate with the PPI deficits observed in Gas mice, we next measured cAMP levels following administration of haloperidol at the dose that rescues the PPI deficits of Gas mice. In parahippocampal cortex, haloperidol (1 mg/kg, i.p.) selectively increases cAMP levels in Gas mice (Figure 7d ). In contrast, haloperidol increases striatal cAMP levels selectively in control mice (F (1,47) = 5.84, P = 0.02). Given that haloperidol Figure 7 Behavioral deficits in Gas mice correlate with compensatory decreases in cAMP (cAMP) and can be rescued by drugs that increase cAMP. (a) Gas mice (per genotype, n = 8-9 per region) show increased cAMP levels (pmol cAMP/mg protein expressed as % CT) in striatum (t (14) = 2.17, P = 0.048) but compensatorily decreased cAMP levels in hippocampus and cortex (Hipp, t (13) = 2.26, P = 0.042; PCx, t (13) = 2.25, P = 0.042; FCx, t (13) = 2.29, P = 0.039). (b) Developmental overexpression of Gas is not sufficient to cause permanent alterations in cAMP levels as evidenced in Gas dev mice (per genotype, n = 4-11 per region). (c) In contrast, adulthood overexpression of Gas is sufficient to alter cAMP levels, but only in the hippocampus (for each genotype, n = 11-17 per region; t (19) = 2.13P = 0.046), suggesting that this compensatory decrease in hippocampal cAMP levels underlies the hyperactivity, spatial memory, and contextual fear deficits caused by Gas overexpression. (d) In addition, the compensatory decrease in parahippocampal cAMP levels appears to mediate the Gasinduced prepulse inhibition of acoustic startle (PPI) deficit because the dose of haloperidol (1 mg/kg, i.p.) that rescues the PPI deficit in Gas mice selectively increases parahippocampal cAMP levels (expressed as %CT-veh) in Gas mice (n = 7-16 per group per region; F (1,61) = 5.17, P = 0.026). Consistent with this correlation between increasing cortical cAMP levels and rescuing PPI deficits, (e) rolipram (0.66 mg/kg, i.p.), a drug that increases cAMP levels, also rescues the Gas-induced PPI deficits (n = 16 per genotype; F (1,60) = 6.62, P = 0.015). Data graphed mean±s.e.m. Hipp, hippocampus; PCx, parahippocampal cortex; FCx, frontal cortex; Str, striatum; IC, inferior colliculus; Cb, cerebellum vs control, *P < 0.05; main effect of genotype, @ P < 0.05-0.001; post hoc, vs all other groups, # P < 0.05-0.001.
increases both PPI and parahippocampal cAMP levels in Gas mice, we hypothesized that the PDE-4 inhibitor rolipram, which increases cAMP levels, would also increase PPI in Gas mice. Across prepulse intensities, rolipram (0.66 mg/kg, i.p.) selectively increases PPI in Gas mice (Figure 7e) .
A compound that stimulates Epac, a downstream target of cAMP, exhibits antipsychotic-like effects in C57BL/6J Given the correlation between decreased cortical cAMP and PPI deficits noted above and elsewhere 15 and the correlation between decreased hippocampal 
, phenotype strongly present; ( þ ), phenotype moderately present; (À), phenotype absent; cAMP, cyclic AMP; NM, not measured. a Transgene expressed throughout development and early adulthood but suppressed at time of testing due to a minimum of 2.5 weeks of dox administration. b Transgene expressed only after 2 months of age. c See Supplement, Figure S1 http://www.nature.com/mp. Figure 8 Acute stimulation of the cAMP (cAMP) target Epac during adulthood increases prepulse inhibition of acoustic startle (PPI) and improves hippocampus-dependent associative memory in C57BL/6J mice. To determine if Epac signaling might impact behaviors noted to be altered in Gas mice, we tested the effect of the Epac agonist 8-pCPT-2 0 -O-Me-cAMP (5 nmol, i.c.v.) on PPI and contextual fear memory retrieval. (a) C57BL/6J mice treated with 8-pCPT-2 0 -O-Me-cAMP (5 nmol, i.c.v.; n = 6) exhibit significantly increased levels of PPI across prepulse intensities, relative to mice treated with vehicle (n = 5; F (1,17) = 8.18, P = 0.019). (b) At 1 h following contextual fear training, C57BL/6J mice trained with the footshock (US) received either vehicle (n = 12) or the Epac agonist (n = 8) and all mice trained without the US received the Epac agonist (n = 4) to test for nonspecific effects of the drug on mobility. Immediately following drug treatment, mice were tested for short-term contextual memory. Animals were retested 24 h following training without any additional drug treatment. Relative to vehicle-and agonist-treated mice trained without the US, 8-pCPT-2 0 -O-Me-cAMP-treated mice trained with the US show significantly higher levels of freezing across the short-term and long-term memory tests (F (2,18) = 4.48, P = 0.024). This suggests that stimulation of Epac facilitates retrieval (as indicated by improved performance during the short-term memory test) and consolidation of contextual fear memory (as indicated by carryover of the effect to the drug-free long-term memory test). Data graphed mean ± s.e.m. Post hoc, vs vehicle and non-shocked 8-pCPT-2 0 -O-Me-cAMP, *P < 0.05; vs vehicle and shocked 8-pCPT-2 0 -O-Me-cAMP, # P < 0.05. Therefore, we turned to another downstream target of cAMP, Epac. As there is no selective Epac antagonist available, we tested the effects of the selective Epac agonist 8-pCPT-2 0 -O-Me-cAMP in PPI and retrieval for contextual fear (Figure 8 ). Owing to unavailability of transgenic mice at the time of testing, we turned to C57BL/6J mice as this is the background strain of our transgenic mice and this strain has low basal PPI that appears to have similar pharmacological sensitivities to those shown here in the Gas mice. 24 Indeed, a number of typical and atypical antipsychotics are reported to increase C57BL/6J PPI, making this strain a viable model for predicting antipsychotic-like effects. 60, 61 Across prepulse intensities, 8-pCPT-2 0 -OMe-cAMP (5 nmol, i.c.v.) significantly increases PPI relative to vehicle in C57BL/6J mice ( Figure 8a ). There is no significant effect of the drug on the startle response itself (veh, 51.44 ± 12.0; Gas, 46.73 ± 16.2), suggesting the increase in PPI caused by the Epac agonist reflects an increase in sensorimotor gating.
In fear conditioning, 8-pCPT-2 0 -O-Me-cAMP (5 nmol, i.c.v.) improves memory for contextual fear (Figure 8b ). Post hoc analyses show that when animals are trained with a shock and receive 8-pCPT-2 0 -O-Me-cAMP immediately before a short-term memory test, they exhibit significantly higher levels of freezing during both the short-term memory test as well as a subsequent drug-free long-term memory test, relative to vehicle-treated animals as well as animals that receive 8-pCPT-2 0 -O-Me-cAMP but have no shock paired with the context.
Discussion
We show here that increased expression of the G-protein subunit Gas within forebrain neurons of mice is sufficient to trigger biochemical, behavioral and anatomical phenotypes commonly associated with schizophrenia. Interestingly, we show that some (PPI deficits, spatial learning and memory impairments, and ventricular enlargement), but not all, phenotypes require Gas overexpression during development for full symptomatic expression in adulthood. These results support the suggestion that neurodegenerative influences overlie neurodevelopmental insults to produce the full spectrum of schizophreniarelated phenotypes. 62, 63 Importantly, we show it is possible to pharmacologically reverse in the adult phenotypes that are, in part, due to developmental insult (as shown in PPI). Our results in mice argue that the increases in Gas expression and activity that have been previously measured in patients are likely to have functional significance. Further, our results suggest that specific intracellular signaling molecules-in particular PDEs and Epac-may represent novel classes of therapeutic targets for the treatment of schizophrenia.
Deficits observed in Gas mice are strikingly reminiscent of phenotypes associated with schizophrenia It has been suggested that an 'ideal' mouse model for studying schizophrenia would emulate three behavioral endophenotypes (also referred to as intermediate or subphenotypes) associated with the disease. 64 We show here that Gas mice exhibit deficits across three disease-relevant behavioral domains: psychomotor agitation, 65 sensorimotor gating 53 and hippocampus-dependent learning and memory retrieval. 49, 50 Importantly, Gas mice also show responsiveness to antipsychotics-a class of drugs used to treat patients with schizophrenia. In addition to exhibiting these behavioral impairments, Gas mice also recapitulate biochemical and neuroanatomical features associated with schizophrenia.
Biochemically, Gas mice mimic the increase in mRNA levels associated with a polymorphism genetically linked to schizophrenia 8, 9 as well as the increased efficacy of Gas signaling that has been noted in tissue from schizophrenia patients. [5] [6] [7] Several studies have also noted increased expression and/or efficacy of Gas signaling in patients with bipolar disorder (for example, 66 ), a disease with overlapping symptomatology. Given the region-specific effects observed in Gas mice, we further hypothesize that select cases of schizophrenia may be due to sporadic tissue-specific mutations in Gas that increase function (for example, specifically within neocortex). It is well known that Gas, in particular, appears vulnerable to such sporadic tissue-specific mutations (for example, 67, 68 ). Although cAMP levels have not been directly measured in the brains of patients with schizophrenia, a number of studies have shown decreased cAMP production in platelets of patients with schizophrenia, 69 which may be emulated in the compensatory decreases in cAMP levels measured in hippocampus and cortex of Gas mice.
Neuroanatomically, Gas mice show strikingly enlarged lateral ventricles at the expense of a reduction in striatal volume, two of the most commonly documented anatomical alterations associated with schizophrenia. 70 Gas mice also show small, nonsignificant decreases in the size of frontal cortex and hippocampus, which may reflect more subtle neuroanatomical lesions (for example, reduced dendritic arborization) of interest to future studies. The anatomical alterations observed in Gas mice appear due to both impaired development and enhanced degeneration, as animals that overexpress Gas only after 2 months of age do manifest these deficits, but to a slightly lesser degree than those observed in animals expressing Gas throughout development. Enhanced degeneration (for example, of the neuropil) is consistent with observations in patients. 63 A longstanding question in the field of neuropsychiatric research is whether gross anatomical changes noted in the brains of patients cause symptoms or simply occur in parallel. Such a question has significant implications for pharmacological treatments as it has been suggested that therapeutics would not likely reverse such significant anatomical lesions. 71 In Gas mice, the substantial neuroanatomical changes appear to have relatively little effect on behavior. For example, Gas dev mice show normal PPI, locomotion and contextual fear memory despite having enlarged ventricles/reduced striata. The only behavioral phenotype for which a relationship to the neuroanatomical changes cannot be ruled out is the spatial learning and memory deficit. It is possible that damage to the ventral striatum contributes to the spatial learning and memory deficit caused by Gas overexpression given evidence demonstrating a role for this region in spatial memory consolidation. 72 The apparent minimal behavioral effect of the Gasinduced anatomical changes is reminiscent of findings in the area of Parkinson's disease where more than 80% of cells in the substantia nigra must die off before physical symptoms emerge. 73 If findings here in mice translate to humans, our results suggest that the effectiveness of pharmacological therapeutics should not be limited by the neuroanatomical changes that are observed in patients with schizophrenia.
Effects of in vivo Gas overexpression support a noncanonical view of G-protein signaling The traditional view of heterotrimeric G-protein signaling describes a process whereby a GDP-bound a-subunit forms a heterotrimer with a b-g-subunit, which is then only activated (GTP displacement of the bound GDP) when the heterotrimer is recruited to a ligand-bound G-protein-coupled receptor. 10 With such a definition it is easily understandable why the loss of one G-protein subunit negatively impacts biology, as has previously been shown; 74, 75 however, this scenario makes less clear how overexpression of one subunit alone impacts physiology as shown here and elsewhere. 76 A growing body of literature suggests that the traditional view of G-protein signaling must be revised to include several non-canonical mechanisms that activate a-subunits. [11] [12] [13] [14] For example, in vitro evidence suggests there is a low level of spontaneous activation of Gas when not bound to a b-g subunit. 11 Further, microtubules are able to activate free Gas subunits (that is, Gas-GDP) by transferring a phosphate from the microtubule cap to the bound GDP, resulting in Gas-GTP. 12, 77 If these mechanisms are active in vivo, it is reasonable to expect that increasing the pool of available Gas-GDP would eventually lead to increased levels of Gas-GTP, without a need for a complimentary increase in b-g levels.
Alternatively, overexpressing Gas could elicit effects by acting as a sink for free b-g subunits, which would otherwise inhibit AC type I (ACI). 78 We believe it unlikely, however, that phenotypes observed in Gas mice are related to increased activity of ACI because overexpression of ACI within the forebrain elicits phenotypes opposite to those observed here. 79 Overexpression of Gas may cause behavioral deficits via a loss of cAMP stimulation of Epac signaling The various behavioral alterations noted in Gas mice appear to correlate with distinct regional decreases in hippocampal and cortical cAMP levels, and rescue of behavioral deficits appears possible when these cAMP deficits are reversed, as shown in PPI with haloperidol and the PDE-4 inhibitor rolipram. Although the Gas-induced decreases in cAMP appear largely the consequence of compensatory increases in PDE activity, 15, 16 hyperdopaminergic (by D2, 3, 4 receptor-mediated inhibition of AC) 80 and/or hypoglutamatergic signaling (by reduced calcium/calmodulin stimulation of AC) 81 may also have a role, both of which are commonly hypothesized to contribute to endophenotypes of schizophrenia (for example, Costa et al. 46 ). Indeed, Gas mice show enhanced sensitivity to haloperidol, suggesting increased activity at the D2 receptor. Glutamatergic signaling has not yet been empirically tested in our model, however, it is interesting to note that chronic administration of the glutamatergic antagonist phencyclidine appears to reduce cAMP signaling in hippocampus and cortex, as measured by decreased phosphorylation of a number of members of the cAMP cascade. 82 Decreasing hippocampal cAMP levels appears sufficient to trigger hyperlocomotion, impairments in contextual memory retrieval and-to some extentdeficits in spatial memory, as these phenotypes co-occur when Gas is overexpressed only during adulthood (Table 1) . Although studies here do not distinguish the contribution of ventral vs dorsal hippocampus, our results are consistent with lesion studies showing that neonatal ventral hippocampal lesions trigger hyperlocomotion in adult rats 83, 84 as do adulthood lesions to the dorsal or entire hippocampus. 85, 86 It will be of interest to future studies to determine if Gas mice share similar neurochemical, electrophysiological and neuroanatomical changes in striatum and/or prefrontal cortex as have been described in mice with neonatal ventral hippocampal lesions (for example, 87, 88 ). The hippocampal dysfunction measured in Gas mice is also consistent with patient literature describing substantial hippocampal pathophysiology in schizophrenia. 49, 50 In contrast, the sensorimotor gating deficits and antipsychotic responsiveness observed in Gas mice appears particularly tied to cAMP levels in the cortical regions surrounding the hippocampus (Figure 7d ). Although it is challenging to map strictly homologous cortical subregions from rodent to human, we believe the regional specificity of the sensorimotor gating deficits and antipsychotic responsiveness observed in Gas mice correlates well with findings in patient studies. Studies in patients with schizophrenia have repeatedly associated abnor-mal activity within the temporal cortex to altered attentional processing, 89 various aspects of auditory hallucinations [90] [91] [92] [93] and dysfunctional emotional processing. [94] [95] [96] Further, studies have suggested that D2/D3 receptor binding in temporal cortex is particularly important for the therapeutic action of antipsychotics (for example, references [97] [98] [99] ). The functional alterations reported in temporal cortex of patients with schizophrenia may be explained by the anatomical [100] [101] [102] [103] [104] and molecular abnormalities that have been measured within this brain region. [105] [106] [107] [108] Thus, the fact that behavioral deficits in Gas mice appear due to decreased cAMP signaling specifically within the hippocampus and cortical regions surrounding the hippocampus is consistent with findings in patients describing dysfunction within these brain regions.
Reduced cAMP levels would be expected to decrease signaling to all of the targets downstream of cAMP: PKA, Epac and CNGCs. 38 Given that loss of PKA activity is not sufficient to impair PPI and appears even to rescue deficits caused by chronic Gas signaling, 15, 16 we propose that the Gas-induced deficits are at least partially due to reduced cAMP stimulation of Epac, although a role for CNGCs cannot be ruled out. As discussed above, a loss of Epac activity could impact a number of neurobiological processes hypothesized to be involved in schizophrenia, including glutamatergic signaling, integrin function and hippocampal plasticity. [40] [41] [42] [43] [44] [45] [46] [48] [49] [50] [51] 109 Consistent with the hypothesis that decreased Epac activation may contribute to the behavioral deficits observed in Gas mice, we show here that increasing Epac activity with a selective agonist (8-pCPT-2 0 -OMe-cAMP) increases PPI and improves contextual memory in C57BL/6J mice. It will be of great interest to future studies to more thoroughly explore the extent to which behavioral deficits in Gas mice can be rescued by Epac agonists as well as other positive modulators of cAMP signaling, such as PDE-4 inhibitors beyond rolipram and PDE-10 inhibitors.
In conclusion, results presented here not only advance our understanding of fundamental cell biology, the molecular underpinnings of cognition and the progression of schizophrenia (that is, developmental vs nondevelopmental components), we also offer hope by identifying Epac as a novel therapeutic target able to improve both developmentally and nondevelopmentally regulated phenotypes.
